Purpose: Cranioplasty (CP) is often required for survival after decompressive craniectomy. Several materials, including autologous bone and various artificial materials, have been introduced for CP, but it remains unclear which material is best for CP. This study aimed to explore differences in complications between patients who underwent CP using an autologous bone flap versus a three-dimensional (3D) titanium mesh and to identify significant risk factors for post-CP complications. methods: In total, 44 patients were enrolled in this study and divided into two groups (autologous bone vs. 3D titanium mesh). In both groups, various post-CP complications were evaluated. Through a comparative analysis, we aimed to identify differences in complications between the two groups and, using binary logistic analysis, to determine significant factors associated with complications after CP. results: In the autologous bone flap group, there were three cases of surgical infection (3/24, 12.5%) and 11 cases of bone flap resorption (BFR) (11/24, 45.83%). In the 3D titanium mesh group, there was only one case of surgical infection (1/20, 5%) and 11 cases of various complications, including mainly cosmetic issues (11/20, 55%). A subgroup risk factor analysis of CP with an autologous bone flap showed no risk factors that predicted BFR with statistical significance, although a marginal association was found between larger bone flaps and BFR (odds ratio [OR]=1.037, p=0.090). In patients treated with a 3D titanium mesh, multivariate analysis revealed that only the existence of a ventriculo-peritoneal shunt system was strongly associated with overall post-CP complications (OR=18.66, p=0.021). Conclusions: Depending on which material was used, different complications could occur, and the rate of complications was relatively high in both groups. Hence, the material selected for CP should be selected based on individual patients' conditions.
INTRODUCTION
As some trials have demonstrated the efficacy of decompressive hemicraniectomy (DC) for severe traumatic brain injury (TBI) in terms of reducing mortality and improving functional outcomes, it has been widely used as salvage treatment for malignant edema of the brain after TBI [1, 2] . To relieve and stabilize brain edema in patients who survive for a sufficient time, cranioplasty (CP) is required to restore the appearance of the skull, protect intracranial tissue, and improve neurological function [3, 4] .
Several materials, including autologous bone and various artificial materials, have been introduced for CP, but which material is best for CP still remains unclear [5] [6] [7] . Among these materials, autologous bone flaps are usually the first choice at most institutions, as they are readily available at no additional cost and yield excellent outcomes [8, 9] . Autologous bone also has the potential to grow and fuse with bone at the surgical site and is psychologically acceptable to patients and their relatives [10] . However, complications such as surgical site infection and bone flap resorption (BFR) always remain possible [8, 9] . Various artificial materials (e.g., polymethyl methacrylate, titanium, ceramics, and carbon fiber-reinforced polymers) have been produced to reduce these bioactive complications [5, 7, 11] . Of these artificial materials, titanium mesh is generally considered the material of choice in moderate-sized to large craniectomy defects because it is biologically inert, strong, lightweight, and inexpensive to produce [4, 12] . Furthermore, as advances in technology and imaging processes have enabled the production of large three-dimensional (3D) custom-made prefabricated plates, 3D customized titanium has been widely used [5] . However, several studies have reported that CP with titanium material is strongly associated with wound or cosmetic complications [3, 4, 6] . This study was conducted to explore differences in complications between patients who underwent CP using an autologous bone flap to those who underwent CP using a 3D titanium mesh. Furthermore, a subgroup analysis to identify risk factors for complications in each group was performed.
METHODS

Patients, clinical variables, and definitions of various complications
From January 2015 to December 2017, 44 patients (24 patients who underwent CP using an autologous bone flap and 20 patients who underwent CP using a 3D titanium mesh) were enrolled ( Fig. 1 ). They had all previously been treated with DC for refractory increased intracranial pressure resulting from trauma. Clinical data of enrolled patients were collected from their medical charts, images, Between January 2015 to December 2017, a total of 87 cranioplsty was collected.
A total of 30 cranioplasty for other reasons was excluded.
A total of 13 cranioplasty using other materials was excluded. and telephone interviews with patients or their families. To more precisely identify the differences that resulted from the material used for CP, we excluded factors associated with surgical procedures, such as postoperative subdural hematoma, epidural hematoma, and subdural hygroma. Therefore, data on patients' demographic characteristics and possible risk factors-including age, sex, operative time for CP, flap size (autologous bone flap size or titanium mesh size), existence of a ventriculo-peritoneal (V-P) shunt system, and the interval between DC and CP-were collected. In order to measure the area of autologous bone flaps and customized 3D titanium mesh plates, Image J software (http://imagej.nih.gov/ij/). Using that software, the surface area of the implanted bone flaps or implanted titanium mesh plates was measured by manually tracing their outlines on lateral skull plain images.
Various complications after CP (e.g., postoperative surgical infections, BFR, wound dehiscence, and persistent pain after wound healing) were evaluated. Surgical infection was defined clinically and radiologically by any evidence of infection, including fever, erythema, swelling, and elevated levels of inflammatory markers with evi-dence of infection on computed tomography (CT) using contrast medium. BFR was diagnosed with serial brain CT. We defined BFR as more than 50% thinning of the bone flap compared to the thickness of the contralateral region (Fig. 2) . Mesh extrusion was defined as severe thinning of the soft tissue and skin to show implanted mesh patterns without wound dehiscence ( Fig. 3 ). Persistent tenderness at the surgical site was defined as severe pain caused by a gentle touch at the surgical site after the wound had totally healed without any dehiscence. Overall complications were defined as all kinds of complications after CP. We performed risk factor analysis both for overall complications in both groups and for specific complications (BFR and surgical site infection in the autologous bone flap group, and surgical site infection, extrusion, wound dehiscence, and persistent tenderness at the surgical site in the 3D titanium mesh group. To summarize, age, sex, operative time for CP, flap size (autologous bone flap size or titanium mesh size), the existence of a V-P shunt, and the interval between DC and CP were analyzed as independent variables and various complications (BFR, surgical infection, and other problems) after CP in both groups were analyzed as dependent variables. Institutional Review Board acceptance was obtained for this retrospective study and the need for informed consent was waived (IRB No. R2019-0055-001).
DC and CP procedures
We performed DC when patients showed clinical deterioration resulting from refractory increased intracranial pressure despite the best possible medical treatment. All patients underwent standard unilateral frontotemporal-parietal craniectomy with durotomy and duroplasty using artificial dura mater. The removed bone flap was separated from the adherent tissue, packed in sterile medical towels, and stored at -80°C immediately after surgery. The choice of material for CP depended on the surgeon's preference and the interval between DC and CP. We used a 3D titanium mesh plate in all cases with more than a 3-month interval. Before performing CP, the patient's hair was completely removed with an aseptic medical shaver. The scalp was then washed with an aqueous solution of chlorhexidine gluconate and left to dry, after which povidone-iodine solution was applied several times to the patient's entire head and left to dry. The previous skin incision was re-opened, and the fibrous layer between the artificial dura and galea was dissected and prepared for insertion of the autologous bone or titanium mesh. After the bone flap was washed several times with povidone-iodine and normal saline solution, the flap was re-implanted with multiple tack-up sutures and fixed in its original position using miniature titanium plates and screws. In the final step, the skin was closed with vicryl subcutaneous sutures and nylon skin sutures with medical staples.
Statistical analysis
Data were presented as the mean and standard deviation for continuous variables and as the frequency or percentage for categorical variables. The analysis was carried out using the independent t-test and the Fisher's exact test. Univariate and multivariate binary logistic regression analyses for complications were conducted, and all factors that showed significance in the univariate analysis were included in the multivariate logistic regression analysis. A p≤0.05 was considered to indicate statistical significance. All analyses in the present study were performed using SPSS version 21.0 (IBM Corp., Armonk, NY, USA). 
RESULTS
Patients' demographic information and clinical details are presented in Table 1 . The mean age of patients treated with CP using an autologous bone flap was 49.0±17.32 years (range, 16-75), while the mean age of patients who underwent CP using a 3D titanium mesh was 53.65±11.50 years (range, 27-81). The mean flap size was 104.17±27.10 cm 2 in the autologous bone flap group and 122.56±34.8 cm 2 in the 3D titanium mesh group. The mean operative time was 196.71±75.62 mintues in patients who underwent CP with an autologous bone flap and 170.37±128.30 mintues in patients who underwent CP with a 3D titanium mesh. The mean DC-CP interval was 66.29±42.23 days in the autologous bone flap group and 253.45±351.66 days in the 3D titanium mesh group. Shunt-dependent hydrocephalus occurred in 10 patients who underwent CP with an autologous bone flap (10/24, 41.7%) and in 8 patients who underwent CP with a 3D titanium mesh (8/20, 40%). The only statistically significant difference found between the groups was in the DC-CP interval (p=0.009).
In the autologous bone flap group, there were three cases of surgical infection (3/24, 12.5%), 11 cases of BFR (11/24, 45.83%), and no other complications. In CP patients with a 3D titanium mesh, there was only one case of surgical infection (1/20, 5%), while 11 cases of various complications including extrusion, wound dehiscence, and persistent tenderness at the surgical site were noted (11/20, 55%) ( Fig. 4) . Overall complications were defined as including all kinds of complications after CP. We performed risk factor analysis both for overall complications in both groups and for specific complications (BFR and surgical site infection in the autologous bone flap group, and surgical site infection, extrusion, wound dehiscence, and persistent tenderness at the surgical site in the 3D titanium mesh group).
In each subgroup analysis of risk factors for complications, we failed to find any significant risk factors for overall complications-including BFR and surgical infection-in patients treated with CP using an autologous bone flap, although the univariate binary logistic analysis yielded a marginal tendency for larger bone flaps to be related to BFR (Exp [B]=1.037, p=0.090, 95% confidence interval [CI]: 0.994-1.081). However, in patients treated with a 3D titanium mesh, multivariate analysis revealed that the only the existence of a V-P shunt system was strongly associated with overall complications, including surgical infection, extrusion, wound dehiscence, and persistent tenderness after CP (odds ratio=18.66, p=0.021, 95% CI: 1.56-222.92).
DISCUSSION
Various complications after CP were found, and regardless of which material was used, the rate of complications was relatively high [3, 4, [12] [13] [14] . In patients treated with CP using an autologous bone flap, the rate of complications after CP was 58.3% (14/24), almost all of which consisted of BFR. The rate of complications in the 3D titanium mesh group was also high, reaching 55%. However, a greater variety of complications was observed than in patients who underwent CP with an autologous bone flap. In the risk factor analysis, we failed to find any factors significantly related with BFR in patients treated with CP using an autologous bone flap, while in the 3D titanium mesh group, only the existence of a V-P shunt system was found to have a statistically significant association with the occurrence of complications.
BFR, which is well known to be a unique complication of autologous bone flap surgery, occurs as a result of dysregulation of osteoconduction [15] . A few previous studies reported its occurrence rate to be as high as 34.2% [1, 3, 16, 17] . Despite its high frequency, it is difficult to identify significant predisposing factors for BFR because CP is usually the final step after various neurocritical procedures [1] . However, some studies have succeeded in finding predictors of BFR; for example, Kim et al. [1, 10] reported that the existence of a shunting system and the DC-CP interval were associated with the risk of BFR after CP, and they also demonstrated that, in order to reduce the rate of BFR, early CP (within 45 days) should be recommended. In contrast, Schuss et al. reported that the presence of multiple fractures, wound healing disturbances, and abscess formation after CP were risk factors for BFR after CP [2] . In another study, a primary synthetic implant, the DC-CP interval, and younger age showed associations with BFR. In our study, we were only able to observe a marginally significant trend for larger bone flaps to be associated with BFR, which may be because larger bone flaps have a higher chance of experiencing dysregulated osteoconduction than small bone flaps [17] [18] [19] .
Titanium mesh plates have been introduced as an alternative material for autologous bone flap, with advantages including a low risk of tissue reaction and biological inertness, especially in patients with large bone defects [6] . However, in this study, the risk of minor complicationsincluding mainly cosmetic problems, such as extrusion, dehiscence, and exposure of the titanium mesh-was relatively high, reaching 55%. A V-P shunt system was the only significant risk factor for these overall complications after CP with a 3D titanium mesh. Although the exact mechanism has not been proven yet, we assume that the negative intracranial pressure caused by a V-P shunt system plays a critical role in depressing the patient's skin and pulling the skin flap into the mesh print, making the mesh print of the implanted titanium visible through the thinned skin. Supporting our hypothesis, Liao and Kao [20] also proposed a similar mechanism for explaining sunken brain after DC. Hence, physicians should consider using other materials without a mesh print, especially in patients who already have a V-P shunt system or who may need shunting after CP.
There are some limitations of this study. The small sample size with a relatively short-term follow-up period and missing values due to loss to follow-up are important limitations in drawing generalizable conclusions. Further-more, our study had a retrospective design and enrolled patients at a single center. Hence, selection bias was not avoided.
CONCLUSION
A relatively high complication rate was observed after CP for surgical bone defects after DC for severe TBI. Different complications occurred depending on the material that was used. In order to avoid BFR after CP with an autologous bone flap, another artificial material may be a better option in patients with a larger surgical bone defect. Furthermore, in order to reduce the rate of complications after CP with a titanium mesh plate, other artificial materials-especially without a mesh print-should be recommended, particularly in patients with a previous V-P shunt system or who may need a shunting system later.
